Multifunctional nanoparticles have contributed to several advances in the biomedical field. For example, many have been shown to provide higher level analysis in fundamental studies on cancer and regenerative medicine. Application of multifunctional nanoparticles as contrast agents or probes for diagnostic imaging enables integration of various imaging modalities which provides greater detail and more accurate information for diagnosis. In addition, these multifunctional materials may help researchers and clinicians combine diagnostics and treatment, called theranostics or image-guided therapy, for minimally invasive treatment of metastatic and minute cancers. Based on the viewpoint of the toxicity and the easily-controlled surface characteristics, shape, and internal function of silica-based hybrid nanoparticles, this review describes that the hybrid nanoparticles break ground for various analytical methods for fundamental studies, diagnostic techniques, and therapies. In particular, the present review focuses on seamless imaging, dual-modal imaging, and image-guided therapy using silica-based multifunctional hybrid nanoparticles with visible and near-infrared fluorescence, as well as X-ray-absorbing, photoresponsive, drug-releasing, and photoinduced heat-and reactive oxygen species-generating capabilities.
Introduction
Multifunctional nanoparticles have provided new analytical approaches to basic biomedical research on cancer 1)5) and regenerative medicine, 6)8) making noninvasive diagnostic and therapeutic techniques feasible. Nanoparticles used for biomedical applications must be biocompatible and able to target specific organs, tissues, and/or cells. In addition, nanoparticles used for medical applications should have physicochemical properties: magnetism for magnetic resonance imaging (MRI) and magnetic hyperthermia treatment, 9),10) fluorescence for fluorescence imaging, 11 ),12) X-ray-absorbing capability for X-ray computed tomography (CT), 13)17) and photoinduced heat-and reactive oxygen species-generating capabilities for photothermal therapy (PTT) and photodynamic therapy (PDT). 18)20) For example, biocompatible magnetic nanoparticles consisting of magnetite and maghemite are promising contrast agents for MRI, 21) 24) exothermic bodies for magnetic hyperthermia treatment, 21) ,22),24)28) drug delivery carriers, 21) ,27), 28) and for magnetic separation of proteins or cells for proteomics or circulating tumor cell tests. 29) 31) Many researchers have also reported that quantum dots and upconversion nanoparticles have potential as probes for in vitro or in vivo fluorescence imaging. 1),3),11),12),32)36) However, in many cases, these nanoparticles are toxic.
Silica nanoparticles, on the other hand, act as low toxicity carriers of various substances, including metal or ceramic nanoparticles, drugs, and fluorescent dyes. 37 ), 38) Amorphous silica particles >30 nm in diameter is cleared out within 1 month from the body and display no immunogenic and system toxicities. 39) In particular, polyorganosiloxane nanoparticles, called as silicabased hybrid nanoparticles, can hold different substances inside and attached to their surface, whereas silica nanoparticles consist of only siloxane bonds and can only hold little substances.
In addition, the surface characteristics of silica-based hybrid nanoparticles are more easily controlled than those of other luminescent materials, which is an important point because the surface characteristics of nanoparticles affect toxicity. Furthermore, the easy functionalization of the silica-based hybrid nanoparticle surface is an advantage to govern the in vivo behavior of these nanoparticles with respect to biodistribution, circulation in the blood, and targeting to organs, tissues, and cells. Functionalization of the interior of silica-based hybrid nanoparticles affects its physicochemical properties, greatly improving imaging sensitivity, their adaptability to various imaging modalities, and cell-killing ability. In addition, silica-based hybrid nanoparticles can covalently hold functional molecules with little leakage.
Based on the above background, in hybrid nanoparticles consisting of silica, potentially harmful clinical dyes, drugs, and photosensitizers become nontoxic materials for diagnosis and treatment. In addition, nanoparticulation via the hybridization of clinical agents with silica enhances the targeting efficiency to specific organs, tissues, and/or cells. The shape of the nanoparticles also affects their biodistribution. 40) In general, silica nanoparticles with various and complex shapes are obtained using a template or surfactant and the shape of silica nanoparticles is more easily controlled than that of other luminescent materials.
41)42) However, in many cases, template removal by burning or dissolution is required. Thus, silica nanoparticles containing organic components (i.e., silica-based hybrid nanoparticles) must be synthesized by other methods, which control particle shape without a template.
The present review describes a novel one-pot, template-free method for synthesizing silica-based hybrid nanoparticles with a controlled shape at the liquidliquid interface of the emulsion for reaction. Importantly, this method controls the shape of hydrophobic droplets formed from the raw material using electrostatic and ³³ interactions, hydrogen bonding, and regulation of the ratio of hydrophobic to hydrophilic components, thereby controlling the shape of resultant silica-based hybrid nanoparticles. Furthermore, the present review describes the biomedical applications of the silica-based hybrid nanoparticles, including tumor imaging and cell tracking by fluorescence, 43),44) dual-modal imaging of tumors and lymphatic systems by combining fluorescence imaging and X-ray CT, 45) 47) fluorescence image-guided PDT and PTT, 48) and photoresponsive drug release.
49)
2. Characteristics and types 2.1 Characteristics of silica-based hybrid nanoparticles
The Stöber method, which uses tetraethoxysilane as a precursor, a low molar mass alcohol as solvent, and aqueous ammonia as a catalyst, is a common method for preparing dense silica spheres.
50) The modified Stöber method uses a solution containing organic substances, including fluorescent dyes and drugs, as a solvent to encapsulate small amounts of organic substances in silica nanoparticles. The use of organosilanes containing functional molecules or functional groups as precursors is effective for incorporating an abundance of organic substances in silica nanoparticles; 51)53) thus, the obtained nanoparticles are designated silica-based hybrid nanoparticles. The types and applications of silica-based hybrid nanoparticles are described below.
Hollow silica-based hybrid nanoparticles
Exploiting the microemulsion of a mixture of organosilanes and aqueous solution as a reaction field yields hollow silicabased hybrid nanoparticles in one-pot template-free synthesis [ Fig. 1(a) ].
49) The shell thickness of the obtained hollow hybrid nanoparticles is governed by the regulation of reaction conditions (i.e., reaction time, organosilane concentration, and amount of aqueous ammonia). As described in Section 3.5, the hollow hybrid nanoparticles collapse in response to a specific light wavelength, thereby allowing the photoresponsive release of drugs preloaded into the hollow hybrid nanoparticles.
2.3 Tubular, ring-shaped, and platy silicaporphyrin hybrid nanoparticles
Self-assembled structures consisting of organosilanes and porphyrins are formed by their electrostatic interaction, ³³ stacking, and hydrogen bonding. Subsequent hydrolysis and condensation reactions of the organosilanes that constitute the self-assembled structures yield various shapes (e.g., tubular, ring-shaped, and platy) of silica-based hybrid nanoparticles [ Figs. 1(b)1(d) ]. 43 ),44) Such hybrid nanoparticles have different optical properties from spherical hybrid nanoparticles and can be used in vitro and in vivo to visualize specific tissues and cells with fluorescence imaging (see Section 3.1). In vivo and in vitro fluorescence imaging of cells labeled with silica-porphyrin hybrid nanoparticles reveals not only the kinetics of cells within the body but also the distribution of cells within organs and/or tissues (see Section 3.2).
Iodinated silica-porphyrin hybrid nanoparticles
Solgel reaction of two types of organosilanes containing porphyrins or iodine as precursors yields silica-based hybrid nanoparticles that contain a uniform distribution of highly-concentrated porphyrins and iodine linked via covalent bonds, called iodinated silica-porphyrin hybrid nanoparticles [ Fig. 1(e) ]. 47), 48) As described in Section 3.4, the incorporated iodine leads to an external heavy atom effect, making the combination of PTT and PDT feasible. In addition, the incorporated iodine absorbs X-rays, while the porphyrins emit fluorescence. Therefore, iodinated silicaporphyrin hybrid nanoparticles enable dual-modal imaging, combining X-ray CT and fluorescence imaging of various tissues (see Section 3.3).
Core-shell nanoparticles consisting of gold nanoparticle clusters and silica-porphyrin hybrid
Hydrolysis and condensation of porphyrins-containing organosilanes in the presence of gold nanoparticles yields coreshell nanoparticles composed of gold nanoparticle clusters (the core) and silica-porphyrin hybrid (the shell) [ Fig. 1(f ) ]. 41 ),42) The gold nanoparticle clusters enhance fluorescence of porphyrins in the shell by surface plasmon resonance (SPR). In addition, the gold nanoparticle clusters absorb X-rays. Therefore, coreshell nanoparticles make CT-fluorescence dual-modal imaging feasible (see Section 3.3).
Applications 3.1 In vivo fluorescence imaging of tumors
Fluorescence imaging in the biological window (650900 nm) allows acquisition of deep tissue images from live animals because light from the biological window penetrates deep into the body. 54)56) Hemoglobin and water strongly absorb light with wavelengths <650 and >900 nm, respectively. Additionally, the sensitivity of charge coupled device camera decreases drastically at wavelengths >850 nm. Therefore, in vivo fluorescence imaging is often performed at wavelength of range of 650850 nm. Fluorescent probes with both excitation ( ex ) and emission ( em ) wavelengths in the biological window are required for in vivo fluorescence imaging.
For imaging of tumors, one of the most difficult problems includes accumulation of fluorescent probes in the tumor tissue. In general, exploiting the enhanced permeability and retention (EPR) effect is a common approach used to accumulate fluorescent probes. 57) Nanoparticulation of organic fluorescent molecules and surface modification of nanoparticles with polyethylene glycol (PEG), known as PEGylation, are effective for promoting the EPR effect. 58) Ring-shaped silica-porphyrin hybrid nanoparticles [hybrid nanorings; Fig. 1(c) ] have both ex and em within the biological window. In addition, they are approximately 50 nm in diameter, which is less than the fenestration size of the endothelium of tumors. Therefore, PEGylated hybrid nanorings readily accumulate in tumors by the EPR effect and facilitate their visualization using fluorescence imaging (Fig. 2) . Spherical nanoparticles generally accumulate in the liver and spleen due to reticuloendothelial system uptake, but a fluorescent signal is not emitted from PEGylated hybrid nanorings in these organs. Although the reason for this lack of fluorescence is not known, the effect of PEGylation, the uncharged surface of these hybrid nanorings, and their unique shape may contribute to their escape from reticuloendothelial system uptake. According to reports by Mitragotri et al., the charge and shape of nanoparticles are crucial parameters that affect evasion of phagocytosis by macrophages.
59)64)
Ex vivo imaging of tumor-bearing mice injected with PEGylated hybrid nanorings has also shown that these nanoparticles locally accumulate in tumors rather than the liver and spleen [ Fig. 2(b) ].
Macroscopic and microscopic disposition analysis of same cells
In fundamental regenerative medicine and cancer research, analysis of disposition at the whole body level and distribution in tissues of induced pluripotent stem or cancer cells is crucial. In vivo fluorescence is useful for macroscopic analysis of cellular disposition at whole body level, and histological (microscopic) analysis reveals cellular disposition at the organ and tissue levels. If a sequence of imaging from in vivo imaging to histological analysis, called as seamless imaging, can be developed, analysis of disposition at the whole body level and distribution in tissues of the induced same cells can be realized. Unfortunately, the wavelength used for in vivo imaging is different from that used for histological analysis. As previously mentioned, in vivo fluorescence is performed within the biological window. In contrast, histological analysis is often done at wavelengths ranging from ultraviolet to 650 nm. Under present circumstances, comprehensive disposition analysis of same cells at the body, organ, and tissue levels cannot be clarified because different fluorescent probes are used for in vivo imaging and histological analysis. In other words, if the same fluorescent probe can be adapted for both in vivo fluorescence and histological analysis, comprehensive disposition of same cells can be revealed at the body, organ, and tissue levels. However, such fluorescent probes have not been developed, and therefore, the development of such fluorescent probes is urgently required.
Porphyrins possess ex and em in the visible region but not in the biological window. Self-assembly (formation of J-aggregates) of porphyrins causes a redshift of the absorption bands.
65) The use of these characteristics of porphyrins makes the development of fluorescent probes adapted for both in vivo fluorescence and histological analysis, i.e., seamless imaging, feasible as described below.
Silica-based hybrid nanotubes [ Fig. 1(b) ], which are synthesized by hydrolysis and condensation of organosilanes following self-assembly of organosilane and porphyrin via ³³ stacking and electrostatic interactions, have both ex and em within the biological window and visible region. Therefore, the use of these hybrid nanotubes as fluorescent probes enables both in vivo fluorescence and histological analysis (i.e., seamless imaging). For example, these hybrid nanotubes are able to label cells, like mouse peritoneal macrophages [ Fig. 3(a) ], and the disposition of these labeled cells after intravenous injection into mice can be elucidated by in vivo fluorescence [ Fig. 3(b) Fig. 3(d)] . The above findings demonstrate that such hybrid nanotubes are capable of elucidating the whole body disposition and distribution of same cells in tissues.
Dual-modal imaging 3.3.1 Characteristics of CT-fluorescence dualmodal imaging
Fluorescence imaging enables rapid and highly sensitive detection with no special facility or environment, unlike magnetic resonance imaging and positron emission tomography. Furthermore, fluorescent images are acquired at depths from millimeters to centimeters below the surface by imaging within the biological window. Therefore, real-time fluorescence imaging during surgery may be possible and would help in the detection of minute and metastatic cancer tissues.
CT is one of the most useful diagnostic tools in hospitals in terms of availability, efficiency, and cost, and it also has high spatial resolution. 66)69) However, the ability of CT to distinguish soft tissues is poor. Therefore, tumors or minute tissues, such as lymphatic nodes (LNs), are difficult to distinguish from surrounding tissues without CT contrast agents. Current CT contrast agents predominantly contain iodine and are used only for brief imaging of angiography and urography because they adhere nonspecifically. Therefore, the development of tissue-specific CT contrast agents is required. Furthermore, CT contrast agents need to have a large X-ray absorption coefficient because this determines the imaging power. The X-ray absorption coefficient is dependent on the atomic number (Z). Gold (Z = 79)-, 70) 73) bismuth (Z = 83)-, 74)76) tantalum (Z = 73)-, 77) and ytterbium (Z = 70)-78),79) based nanoparticles have been proposed as candidates. In particular, gold nanoparticles are promising from the viewpoint of toxicity.
As mentioned above, there are strengths and weaknesses to fluorescence imaging and CT. The mutually complementary combination of these imaging techniques, called fluorescence-CT dual-modal imaging, enables diagnostic imaging with a high spatial resolution before surgery, which provides important anatomical information, such as the location and size of tissues, necessary for developing a surgical strategy. This combination also allows real-time visualization of tissues during surgery, which facilitates their identification and assists in the operation. In order to accomplish this type of dual-modal imaging, multifunctional nanoparticle probes with fluorescent wavelengths in the biological window, a superior X-ray absorption coefficient, and protracted retention in specific tissues are necessary. Pioneer non-toxic silica-based hybrid probes for fluorescence-CT dualmodal imaging are introduced as below.
Dual-modal imaging of lymphatic systems
LNs, which are linked by lymphatic vessels (LVs), are distributed throughout the body and play an integral role in the immune response. Dissemination of cancer cells throughout the lymphatic network is thought to be an important route for metastatic spread. Therefore, extensive resection of LNs around the tumor is often done to prevent the spread and recurrence of cancer. However, the enucleation of LNs requires difficult surgical techniques and can cause lymphedema. Although lymphedema can be treated with the anastomosis of affected LVs to veins, the surgical procedure is extremely difficult because LNs and LVs are too small and indistinct to identify by gross dissection. Therefore, clear visualization of LNs and LVs is strongly desired.
The use of gold nanoparticle clusters as CT contrast agents is one way of achieving their effective delivery to clearly visualize the lymphatic system. Furthermore, the SPR of gold nanoparticles enhances the electromagnetic field at their surface and affects the fluorescent properties of fluorophores located near them.
80)82)
SPR is dependent upon the size, shape, and assembly of the gold nanoparticles. 83) Assembly of gold nanoparticles broadens the SPR band, extending it into the biological window. 84) Moreover, the space between gold nanoparticles has a particularly strong electromagnetic field, drastically enhancing the fluorescent intensity of fluorophores located there. 85) Hence, gold nanoparticle clusters can have a broad SPR band that reaches the biological window as well as an enhanced electromagnetic field in the spaces between their surface asperities, thereby strongly enhancing the biological window signal of fluorophores located nearby. Use of coreshell nanoparticles [ Fig. 1(f ) ] composed of gold nanoparticle clusters (the core) and silica-porphyrin hybrid (the shell) supports the above hypothesis. The core has a broad SPR band reaching into the biological window, which overlaps with absorption bands attributed to porphyrins incorporated into the shell. As a result, the absorption spectrum of the coreshell nanoparticles was broadened. The longest ex and em of the core shell nanoparticles were 670 and 720 nm, respectively, because the electromagnetic field enhanced by the broad SPR of the core enabled the porphyrins within the shell to become excited, even at the weakest absorption band of 657 nm. Furthermore, the broad SPR caused by the core enhanced the fluorescent intensity of porphyrins incorporated into the shell. The degree of fluorescence enhancement induced by the gold nanoparticle cluster core was significantly larger than that induced by the single gold nanoparticle core, suggesting that clustering of gold nanoparticles forms hot spots that particularly enhance the electromagnetic field.
To confirm the feasibility of fluorescence-CT dual-modal imaging of LNs and LVs, coreshell nanoparticles were injected into the left paw of mice, and then fluorescence and CT images were acquired with time [ Fig. 4(a) ]. The coreshell nanoparticles gradually spread through LVs from the left paw to the mandibular Our results demonstrated that CT using coreshell nanoparticles as probes provided accurate anatomical information regarding the location of LNs and LVs, their size, and was useful for preoperative diagnosis.
Dual-modal imaging of tumors
PEGylation of coreshell nanoparticles enables their accumulation in tumors, enabling visualization of not only lymphatic systems but also tumors with both fluorescence and CT (Fig. 6) . Iodinated silica-porphyrin hybrid nanoparticles shown in Fig. 1(e) accumulate in tumors by exploiting the EPR effect. In contrast, current CT contrast agents, iodine-containing molecules, distribute throughout the body because they are small in size. As a result, iodinated silica-porphyrin hybrid nanoparticles facilitate visualization of tumors on both fluorescence and CT images (Fig. 7) .
Image-guided PDT-PTT combination therapy
Iodinated silica-porphyrin hybrid nanoparticles effectively generate both singlet oxygen and heat by exposure to light wave- 
47)
Journal of the Ceramic Society of Japan 124 [9] 855-862 2016 JCS-Japan lengths within the biological window because the incorporated iodine leads the heavy atom effects. Importantly, the fluence rate (5 mW/cm 2 ) of the light-emitting diode (LED) used was significantly lower than that of past and current PDT lasers (10500 mW/cm 2 ).
86) Therefore, the LED light used herein does not damage skin tissues at any wavelength within the biological window and is safe unless looking directly at the light. In addition, the use of low-power LED light did not break the structure of the iodinated silica-porphyrin hybrid nanoparticle host, 48) whereas lasers used in many previous reports cause degradation of the photosensitizer or melting of metal nanoparticles used as heating bodies. 87) 89) The singlet oxygen and heat generated from the iodinated silica-porphyrin hybrid nanoparticles destroy cancer cells. Thus, as described in Section 3.3.3, the hybrid nanoparticles injected intravenously accumulate in tumors and facilitate their visualization (Fig. 7) . Subsequent light irradiation of the tumors induces generation of heat and singlet oxygen from the hybrid nanoparticles, thereby destroying cancer cells. Therefore, these hybrid nanoparticles have the potential to achieve imageguided PDT-PTT combination therapy. In fact, experiments using mice have demonstrated that the hybrid nanoparticles accumulated within and facilitated detection of tumors with fluorescence imaging, and then light irradiation of the tumors induced generation of heat and singlet oxygen from the hybrid nanoparticles, which inhibited tumor growth (Fig. 8) .
Drug release by light stimulation
Hollow silica-based hybrid nanoparticles [ Fig. 1(a) ], designated hybrid nanocapsules, break down by exposure to laser light (Fig. 9) . Exploiting this characteristic of nanocapsules enables photoresponsive release of encapsulated drugs. Our previous study demonstrated that the nanocapsules released 33% of the drugs they contained with 1 min of irradiation. The drug release rate gradually decreased with irradiation time and remained almost constant after 30 min; the cumulative release was approximately 75% in 40 min.
Conclusion
Silica-based hybrid nanoparticles detect specific tissues by both CT and fluorescence imaging. Subsequently, light irradiation of affected areas treats the disease with PDT, PTT, and chemotherapy. Therefore, hybrid nanoparticles may enable less invasive, image-guided therapy using light that potentially treats minute and metastatic tumors. In addition, hybrid nanoparticles produce seamless imaging from in vitro to in vivo histological imaging. Furthermore, these nanoparticles are likely very useful for fundamental research on cancer and regenerative medicine.
We can easily vary the shape and surface characteristics of the silica-based hybrid nanoparticles compared to other materials, and by controlling these factors, we can control their physicochemical properties and intravital behavior widely depending on the intended use. Therefore, the use of silica-based hybrid nanoparticles may make developments of various analyses for fundamental biomedical researches, diagnosis techniques, and therapies feasible. 
